We are investigating the functions of the three proteins encoded by the V operon (IcrGVH) of the low-calcium response virulence plasmid pCD1 of Yersinia pestis KIM5. The purpose of this study was to define the role of the 18-kilodalton protein encoded by 1crH, the third gene of the V operon. Using marker exchange mutagenesis, we constructed a Y. pestis mutant that failed to express the LcrH protein. This LcrH-mutant was "ATP blind" in that it failed to show altered growth and V-antigen expression at 37°C when 18 mM ATP was present. It also showed only a partial response to 2.5 mM Ca2". The (1, 7, 8, 14, 17) . The Lcr determinant mediates the requirement of the organism for millimolar concentrations of Ca2" for growth at 37°C (7-9, 18, 35), as well as expression of a set of pCD1-encoded virulence-associated proteins, including the V and W antigens (10) and YOPs (yersinial outer membrane proteins) (3, 28, 29 The genes regulating the Lcr in Y. pestis are clustered in an approximately 18-kb region of pCD1, designated IcrA through IcrF (17, 32, 33) . Insertion of Mu dIl(Apr lac) within this region causes loss of the ability to express high levels of V antigen and YOPs and also results in calcium-independent growth (17). lcrF encodes a diffusible component that mediates the enhancement of transcription of some pCD1 genes by temperature (32), while the IcrE locus, which lies within the large region originally designated IcrA, may be involved in the regulation of pCD1 genes in response to calcium (33).
The low-calcium response (Lcr) virulence determinant is encoded by the 75-kilobase (kb) plasmid pCD1 in Yersinia pestis KIM (1, 7, 8, 14, 17) . The Lcr determinant mediates the requirement of the organism for millimolar concentrations of Ca2" for growth at 37°C (7-9, 18, 35) , as well as expression of a set of pCD1-encoded virulence-associated proteins, including the V and W antigens (10) and YOPs (yersinial outer membrane proteins) (3, 28, 29) .
Cultures of Y. pestis shifted from 26 to 37°C in the absence of calcium cease growing within two generations (35) , a phenomenon known as growth restriction. Growth can be reinitiated if the cultures are returned to 26°C or if a nucleotide or divalent cation is added to the growth medium (34, 35) . During growth restriction, the V and W antigens and YOPs are maximally expressed (9, 10) , while net protein synthesis in the cell is shut down (34) . A variety of nucleotides, including ATP, can prevent growth restriction in Y. pestis KIM (34) , as can Ca2+, Sr2+, and Zn2+ (35) . Mg2+
exacerbates the Lcr, with the maximal restrictive growth response and V-antigen expression being reached at a concentration of 20 mM Mg2+ (35) . The mechanism by which these molecules regulate the Lcr is unknown. Zahorchak and Brubaker (34) have shown that nucleotides are neither hydrolyzed exogenously nor transported into the bacterium and suggested that they might function by chelating Mg2+.
Y. pestis mutants have been isolated that show an aberrant response to Ca2+ (e.g., references 17, 27, 33, and 35). Ca2+-blind mutants undergo growth restriction in the presence or absence of Ca2+ following a temperature shift from 26 to 37-C (33). Ca2+-independent mutants do not undergo growth restriction, even in the absence of Ca2 , following a temperature shift (27, 35) . The term "ATP blind" will be used in this paper to describe a mutant of Y. pestis that * Corresponding author. undergoes growth restriction in the presence of ATP following a temperature shift from 26 to 37°C.
The genes regulating the Lcr in Y. pestis are clustered in an approximately 18-kb region of pCD1, designated IcrA through IcrF (17, 32, 33) . Insertion of Mu dIl(Apr lac) within this region causes loss of the ability to express high levels of V antigen and YOPs and also results in calcium-independent growth (17) . lcrF encodes a diffusible component that mediates the enhancement of transcription of some pCD1 genes by temperature (32) , while the IcrE locus, which lies within the large region originally designated IcrA, may be involved in the regulation of pCD1 genes in response to calcium (33) .
The yop genes are found in at least four distinct loci dispersed around pCD1 (29) . Yop-insertion mutants are normal in their V-antigen expression and calcium dependence for growth at 37°C, suggesting that the yop genes are not involved in the regulation of the Lcr (29) . V-antigen and yop gene expression show similar induction kinetics and similar dependence upon IcrA through lcrF for induction, reflecting a common regulatory mechanism (26) . Interestingly, following induction at 37°C in the absence of Ca2+ or ATP, the specific activity of the V antigen steadily increases until growth ceases (26, 34) . The mechanism underlying this phenomenon is unknown.
Perry et al. (27) , using insertion mutagenesis, located the V operon on a 3.6-kb HindlIl fragment of pCD1 and identified its products and gene order. The V-mutant obtained was avirulent, Ca2+ and ATP independent (i.e., it had lost the Ca2+/ATP requirement for growth at 37°C), and did not express the 38-kilodalton (kDa) V antigen or the two other proteins encoded by the operon, the 13- We have continued our characterization of the V operon in an effort to define the function of each of the three proteins expressed by it. In the present study, we constructed a mutant of Y. pestis unable to express the LcrH protein to determine the role of IcrH in Ca2+/ATP dependence for growth, V-antigen expression, YOP expression, and virulence. This mutant is the first ATP-blind mutant described, and its phenotype indicates that lcrH encodes a regulatory protein that plays a major role in the ATP responsiveness of the yersiniae and a minor role in Ca2" responsiveness. LcrH is a regulator of its own lcrGVH operon and is required for normal YOP expression. Its inactivation results in avirulence of Y. pestis.
MATERIALS AND METHODS
Bacteria, bacteriophages, and plasmids. Escherichia coli K-12 strains included HB101 (4), X2338 (19) , and X1553 (17) , all of which were obtained from Roy Curtiss III, Washington University, St. Louis, Mo. These strains and their cultivation have been described previously (17, 27, 29) .
Y. pestis KIM strains lack the pigmentation virulence determinant (Pgm-), rendering them avirulent except by intravenous injection (31) . Y. pestis KIM6 lacks pCD1, is avirulent, and Lcr-. Y. pestis KIM5-3173 (pCD1 yopJ::Mu dI1734) is Lcr+ but YopJ-due to a bacteriophage Mu dI1734 insertion in yopJ of pCD1. Mu dI1734 is a version of Mu dIl(Apr lac) that lacks the genes necessary for transposition and killing of the host bacterium and contains the neomycin phosphotransferase gene, conferring kanamycin resistance on the host bacterium (11 Descriptions of plasmids pBR322, pJIT7, and pCD1 have been reported previously (5, 17, 27) . The construction of pJIT7-6 and pCD1 lcrH::cat yopJ::Mu dI1734 are described in this paper.
Y. pestis strains were grown as previously described in the defined medium TMH (29) . MgCl2 (1 or 20 mM) and either 2.5 mM CaCl2 or 18 mM disodium ATP were added as noted. All bacteria carrying drug resistance markers were grown in the presence of the appropriate antibiotic(s) at a concentration of 25 ,ug/ml (ampicillin and kanamycin) or 5 ,ug/ml (chloramphenicol). Insertion of the CAT gene into HindIII-G. Plasmid DNA was isolated by the method of Birnboim and Doly (2) . Restriction endonuclease digestion and cloning followed standard methods (22) . Recombinant clone pJIT7, composed of the V-operon-containing 3.6-kb HindIll G fragment of pCD1 inserted into the HindIII site of pBR322 (27) of DNA polymerase I (New England BioLabs, Inc., Beverly, Mass.). This was ligated to the similarly blunt-ended 792-base-pair promoterless Tn9 chloramphenicol acetyltransferase (CAT) GenBlock (Pharmacia, Uppsala, Sweden) (Fig. 1) . The resulting construct, pJIT7-6, was transformed into E. coli X1553 containing pCD1 yopJ: :Mu dI1734 and also into the E. coli minicell-producing strain X2338.
Minicell analysis. Minicells were isolated from E. coli X2338(pJIT7) or X2338(pJIT7-6), labeled with [35S]methionine (0.25 mCi/ml; New England Nuclear Corp., Boston, Mass.), and boiled in electrophoresis sample buffer as described previously (12) . Volumes containing 40,000 trichloracetic acid-precipitable cpm were analyzed on 12% (wt/vol) acrylamide gels by one-dimensional sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (20 (27) . Samples containing 106 cpm were subjected to isoelectric focusing (IEF) (24) or nonequilibrium-pH-gradient electrophoresis (NEPHGE) (25) followed by SDS-PAGE on 12% (wt/vol) acrylamide gels. Fluorography was carried out for approximately 109 disintegrations.
Low-calcium response properties of Y. pestis KIM5-3240 (pCD1 krH::cat yopJ::Mu dI1734). Bacterial growth, Vantigen expression, and beta-galactosidase expression were measured as described previously (17, 23, 27, 29) . Two conCentrations of Mg2+ were used so that the full ATP effect could be visualized. Protein concentrations were measured by the method of Lowry et al. (21) .
Mouse LD50 determination. For mouse 50% lethal dose (LD50) determination, exponential-phase cultures of the LcrH-YopJ-strain of Y. pestis KIM5-3240 were grown for 10 generations at 26°C in xylose-and MgCI2-supplemented (6) heart infusion broth (Difco Laboratories, Detroit, Mich.) containing kanamycin and chloramphenicol. Cells were sedimented by centrifugation, washed once in phosphate-saline buffer (0.8% NaCl [wt/vol], 8 mM Na2PO4, 2.7 mM KCI, 1.5 mM KH2PO4 [13] ), and resuspended in this buffer as previously described (30) . Dilutions of the resuspended bacterial pellets were spread plated in duplicate onto tryptose blood agar base plates with and without kanamycin and chloramphenicol and incubated at 30°C for CFU determinations. Female 6 to 8-week-old BALB/cByJ mice (Jackson Laboratories, Bar Harbor, Maine) were each inoculated retroorbitally with 0.1-ml volumes of the diluted bacterial suspensions, using five mice per bacterial dose. Each dosage group was caged separately and observed daily for 14 days. An additional mouse was injected with 5.4 x 106 CFU and sacrificed 24 h later. A loopful of macerated liver and spleen from this mouse was streaked for isolation onto tryptose blood agar base plates with or without kanamycin and chloramphenicol and incubated at 30°C. Bacteria recovered from the spread plates of the inoculum and from the liverspleen homogenate were shown to be the challenge strain by demonstrating the appropriate drug resistance, plasmid content, and plasmid restriction enzyme digest pattern.
RESULTS
The goal of this study was to determine the role of lcrH in the Lcr of Y. pestis. Our approach was to construct an LcrH-mutant and compare its virulence, V-antigen expression, and yopJ expression to those of an LcrH+ strain. The first step was insertion of a CAT cartridge within the IcrH gene.
Minicell analysis. Before moving the CAT-containing HindIII G fragment into pCD1, we checked for its expression of LcrH in E. coli minicells. Proteins expressed by pJIT7 and pJIT7-6 in minicells were compared by SDS-PAGE (Fig. 2) . As expected, minicells containing pJI17 clones expressed all three proteins encoded by the V operon, LcrG, LcrV, and LcrH, as well as a fourth protein 42 kDa in size. The genes encoding the 42-kDa protein and a 26-kDa protein not visible in Fig. 2 have been shown previously to be located on a transcriptional unit separate from IcrGVH (27) .
Clone pJIT7-6 failed to express the 18-kDa LcrH protein, although the LcrG, LcrV, and 42-kDa proteins were expressed, as well as the 24-kDa CAT protein and a 9.5-kDa protein that may have been truncated LcrH (Fig. 2) 
nine-labeled cells from Y. pestis KIM5-3173, which is LcrH+
YopJ-, and with similarly labeled cells from Y. pestis KIM5-3240, the LcrH-YopJ-transductant that carries the CAT gene inserted into its HindIII G fragment in pCD1. In NEPHGE gels, the 18-kDa LcrH protein migrated very near a chromosomally encoded virulence protein of Y. pestis, the fraction 1 capsular antigen (Fig. 3A) . However, IEF of the same sample separated the two proteins (Fig. 3A, inset) (Fig. 3B) .
The LcrH-YopJ-mutant did express other pCD1-encoded proteins, however, including the other two proteins encoded by the V operon, LcrG and LcrV, and YOPs other than YopJ (Fig. 3B) . The 42-kDa YopB protein was also expressed in apparently normal amounts by this Y. pestis mutant, in contrast to its reduced expression observed in E. coli minicells (Fig. 2) . YopF, YopH, and YopM also appeared to be expressed in normal amounts by the LcrHYopJ-mutant.
CAT appeared to be only weakly expressed in this mutant, and the protein spot corresponding to it is not easily visible in Fig. 3 . The weak expression of CAT may explain why Y. pestis KIM5-3240 grew poorly in media containing chloramphenicol concentrations greater than 5 ,ug/ml (data not shown).
Other differences in the protein profiles of the LcrH+ YopJ-and LcrH-YopJ-mutants are visible on these gels. However, we do not yet know their significance.
Response of the mutant to calcium and ATP. The LcrHYopJ-mutant Y. pestis KIM5-3240 grew similarly to the LcrH+ YopJ-parent strain at 26°C and showed normal growth restriction in the absence of Ca2+ following a temperature shift to 37°C (Fig. 4) . However, growth restriction of the LcrH-mutant following the temperature shift was not relieved at all in the presence of 18 mM ATP and was only partially relieved in the presence of 2.5 mM Ca2+ (Fig. 4B) . The parental LcrH+ YopJ-strain responded normally to both Ca2+ and ATP (Fig. 4A) . These findings show that the LcrH-mutant is ATP-blind and aberrant in it response to c2+. mutant under these that for the V antigen (Fig. 6) . The mutant expressed this vell-established but gene at normal basal levels at 26°C, but at 37°C in unsuppleion with growth (9, mented medium it failed to show the strong induction of yopJ s necessary for V characteristic of the parental strain. Inclusion of Ca21 or sutant, and loss Of ATP in the medium had little effect on yopJ transcription Ca2+ and ATP on because the mutant is partially or completely blind to these compounds, respectively. One or more elements necessary cted by beta-galacfor normal yopJ transcription are missing in the LcrHwas different from mutant, suggesting a role for LcrH as a modulator of YopJ expression. This finding is significant because it suggests differential regulation of at least one YOP and the V antigen. Measurements of V antigen and yopJ expression were done in the presence of 1 or 20 mM Mg2+ to demonstrate the effect of the Mg2+ concentration on lcr gene expression ( Fig.  5 and 6 ). In low concentrations of Mg2+, 18 mM ATP relieved growth restriction in the LcrH+ YopJ-parent strain (data not shown), resulting in reduced expression of YOPs and V antigen. This effect was similar to that of Ca2 ; however, it may have arisen, at least in part, from the removal of Mg2+ by chelation to ATP. The higher concentration of Mg2+ diminished the effect of ATP, perhaps because the ATP was ineffective at chelating the larger N § $ amount of Mg2+ (34) . Consequently, growth restriction was * ? I only partially relieved (Fig. 4) , and the V antigen and yopJ J % * § were expressed in higher amounts. (Fig. 4B) . This is the first ATP-blind mutant of Y. pestis described, and it will facilitate future investigations of the mechanism by which ATP (or other nucleotides) relieve growth restriction (34) , a phenomenon which is presently not well understood. For example, we do not know whether ATP itself is sensed by the yersiniae or whether ATP has its effect by lowering the free Mg2+ concentration (34) . We use phrases such as ATP blind and responsive to ATP only empirically and not to indicate molecular mechanisms. However, our data showing different extents of loss of Ca2+ and ATP responsiveness in the LcrH-mutant do reveal that the Ca2+-and ATPsensory/response pathways in the Lcr are not identical.
Unlike the LcrGVH-mutant, the LcrH-mutant expressed normal amounts of the V antigen in the absence of added Ca2+ or ATP (Fig. 5) . However, due to its inability to respond fully to Ca2+ or at all to ATP, the LcrH-mutant expressed the V antigen essentially constitutively at 37°C. Yet despite its strong expression of the V antigen, which is considered to be a major virulence determinant of Y. pestis (8) , the LcrH-mutant was avirulent in mice.
In contrast to the V antigen and YOPs, LcrH is not released into the growth medium, and unlike the YOPs, it is not labeled by 1251 at the bacterial surface (unpublished data and S. C. Straley and M. L. Cibull, submitted for publication). We have no evidence that the LcrH protein is directly antihost, and therefore it cannot be considered an invasive virulence determinant of Y. pestis. The results of this study suggest, instead, that lcrH encodes a protein that regulates the growth of the pathogen and its expression of virulence genes in response to Ca2+ and ATP and that this normal regulation is essential for virulence.
The LcrH-phenotype is different from the LcrGVHphenotype described previously (27) (Fig. 7) . A Ca2'-sensing function has previously been hypothesized to be encoded by the V operon (27) (Fig. 7) . The partial relief of growth restriction by Ca2" in the LcrHmutant and the concomitantly reduced expression of the V antigen may result from basal expression or function of LcrR or of the product of IcrE at 37°C in the absence of the LcrH protein. The result would be the partial, Ca2"-mediated depression of V-antigen expression from IcrGVH.
The LcrH protein may also be necessary for the normal expression of yopJ. The measurements of beta-galactosidase activity indicated lower yopJ expression by the LcrHmutant than by the parent at 37°C in the absence of Ca2" or ATP (Fig. 6 ). We do not know why the LcrH protein is needed for normal yopJ expression; it probably is only one of multiple regulators, because the reduced YopJ expression by the LcrH-mutant was still much greater than the basal level expression at 26°C (Fig. 6 ). This residual yopJ induction may be due at least in part to trans-activation by the IcrF gene product, thought to mediate the thermally enhanced expression of some Lcr genes (32) . Also, it is apparent that not all YOPs are affected by the loss of LcrH, since YopF, YopH, and YopM were expressed in normal amounts in the LcrH-YopJ-mutant (Fig. 3) . This differential expression of YOPs is significant new information about their regulation.
The dual regulatory function of 1crH, as a repressor of lcrGVH and as an effector of yopJ expression, suggests that lcrH, located at 40 kb on the pCD1 map, is an important coordinate regulator of pCD1-encoded virulence determinants in Y. pestis. Our data reveal the major role LcrH has in mediating Ca2' and ATP responsiveness in this pathogen.
The avirulence of the LcrH-mutant defective in regulation of V-antigen and YopJ expression underscores the importance to pathogenesis of regulation of virulence genes and growth by environmental inputs. Moreover, this work revealed that Ca2+ and ATP (or Mg2+) are distinct environmental signals for Y. pestis.
